We propose a compact planar passband frequency selective surface (FSS) operating at the resonance frequency of 3.81 GHz. The proposed FSS is composed of single layer of the Archimedean spiral type with the interdigital capacitance between the corners of metallic patches printed on one side of the substrate. Compared to the operating wavelength, the size of the proposed single layer FSS is 0.066 0 ( 0 is the free space wavelength at 3.81 GHz). The performance such as transmission and reflection coefficient of the proposed FSS demonstrates excellent resonance stability for different polarization and different incident angles. Finally, the optimized simulated results are validated with measured results by a fabricated prototype of 31 × 31 array elements on 170 × 170 mm 2 substrate area.
Introduction
In recent years, the wireless devices have been operating at different frequencies across the useable operating spectrum range [1] . However, in certain places, blocking the usage of some devices in favor of others may be advantageous. So, the proposal for blocking the radio waves for certain frequencies is the counterparts of the traditional filters in radio frequency (RF) circuits. In a comparison of traditional filters, the frequency selective surfaces (FSS) can perform a significant role in either stopping or passing the spectral behavior depending on the type of array element. These surfaces find a wide variety of applications such as spatial angular filters [2] , frequency reuse reflector antennas [3] , and radomes [4] in microwave and optics. The FSS usually consists of two-dimensional infinite extent periodic array of conducting metal patches or aperture elements on one side of the dielectric slab. The period is half of the wavelength at the resonance frequency and exhibits either transmission or reflection in the neighborhood of the element resonance [5] . However, in practical applications, FSS should be finite because it is not possible to perform infinite array characteristics with half wavelength periodic finite element FSS. To solve this difficulty, the array element should be miniaturized compared to the operating wavelength. An essential step in the design of miniaturized FSS is the proper choice of constituting array elements, substrate parameters, and the presence or absence of the FSS layers. These parameters normally control the overall frequency response of the structure, such as its resonance frequency, bandwidth, and dependence on the polarization and incidence angle. In recent years, several structures have been proposed to miniaturize the FSS [6] [7] [8] [9] [10] [11] [12] [13] [14] . Metallic patches and wire mesh separated by thin airgaps constituting an FSS [6] have been proposed at X-band. Later, in [7] the smaller element size FSS has been proposed in contrast to [6] with better resonance stability with respect to the different incident angles and polarization. A better reduction of other novel unit cells has been also proposed by adding another layer on the other side of octagonal FSS [8] and the metallic line between square patches [9] . Other novel FSS patterns have been proposed for the single band [10, 11] as well as dual-band [12] [13] [14] , applications with stable resonance frequency at the different incident angles.
In this paper, authors have proposed a compact passband FSS with an Archimedean spiral in the center with square metal patches at the corners with the interdigital capacitance between them. Simulated results show that the size of FSS is 0.066 0 compared to the wavelength at the operating resonance frequency of 3.81 GHz. The proposed FSS is having excellent resonance stability for obliquely incident angles and different polarization except for a small deviation of 2% with respect to the incident angles of 60 ∘ and 75 ∘ . Finally, the proposed FSS was fabricated with 31 × 31 array elements to validate the passband characteristics experimentally. Both the simulated and measured results show a good agreement. The organization of the paper is as follows: Section 2 discusses the proposed FSS unit cell and its analysis of resonance characteristics is discussed in Section 3, followed by experimental validation in Section 4. Section 5 discusses the conclusion followed by references.
Proposed FSS Unit Cell
The geometry of the proposed bandpass FSS unit cell shown in Figure 1 is designed using a low-cost FR-4 substrate ( = 4.3, tan = 0.025, and thickness ℎ = 1.6 mm). The proposed FSS unit cell basically consists of four square metal pads at the corners along with four symmetrical spiral lines from the center and two symmetrical arrays of slots etched between the four square metal pads. The symmetrical spiral lines introduce the inductance and the gap between the square metal pads introduces the capacitance. The choice of transmission passband depends upon the size of the unit cell and the associated inductance and capacitance. Thus, a resonant frequency of the unit cell is realized from the LC circuit network. The optimized parameters of the unit cell are as follows: = 5.2 mm, = 1.1 mm, = 1 mm, and = = 0.2 mm. The black color pattern shown in Figure 1 represents the metal on the top of the substrate.
Analysis of FSS Resonance Characteristics
In order to study the characteristics of the proposed FSS, the unit cell is designed and simulated by using CST microwave studio frequency domain solver. Simulation setup is made with unit cell boundary conditions on four sides of the walls and excited with Floquet port at an arbitrary distance from top and bottom of the surface. The simulated transmission coefficient ( 21 ) of the FSS at the different incidence angles and different polarization are shown in Figure 2 . The results indicate that the structure consists of resonance stability at all incident angles and all polarization except the slight resonance frequency shift at 60 ∘ and 75 ∘ . At these incident angles, there is a deviation of the resonance frequency of about 2%. This may be due to strong surface impedance dependence at oblique incidence on the plane and polarization. However, it can also be found that the shifts of the frequency response with the change O p e r a t i n g b a n d Dual [6] 2.208 0 × 2.208 0 3.4, 0.5 mm Single Dual [7] 0.104 0 × 0.104 0 4.4, 1.6 mm Single Dual [8] 0.081 0 × 0.081 0 2.65, 1.5 mm Single Dual [9] 0.062 0 × 0.062 0 3.66, 0.254 mm Single Single [10] 0.172 0 × 0.172 0 4.3, 1.6 mm Single Single [11] 0.095 0 × 0.095 0 4.3, 1.6 mm Single Dual [12] 0.061 0 × 0.061 0 2.65, 1 mm Dual Single [13] 0.088 0 × 0.088 0 4.3, 1.6 mm Dual Single [14] 0 of the incident angle are opposite for transverse magnetic (TM) and transverse electric (TE) incidences. It is further observed from Figure 2 that the variation in the amplitude levels (i.e., the resonance bandwidth) in TM mode increases with increase in the angle of incidence, whereas in TE mode, it is falling rapidly as the angle of incidence increases. This is due to the fact that the free space TM surface impedance is proportional to the angle of incidence ( TM = cos ), whereas, in TE mode, it is opposite [15] . The resonance frequency of the passband FSS is achieved at 3.81 GHz, which is 0.066 0 at the corresponding wavelength.
Moreover, to prove the promising compactness of the proposed structure, the unit cell is simulated with available substrates with different thickness and different relative permittivity. The simulated TE-polarized transmission coefficient for normal incidence is as shown in Figure 3 . It shows that the resonance frequency is shifted to 4.96 GHz with a relative permittivity of 2.2 and thickness ℎ = 0.762 mm. This can also be used for WLAN applications.
Experimental Validation
To validate the characteristics of the proposed FSS experimentally, a single layer of 31 × 31 elements array prototype is fabricated on the FR4 substrate (size: 170 × 170 mm 2 ) and tested. The photograph of the fabricated FSS with a closed view is shown in Figure 4 .
The transmission characteristics are verified under normal incidence by placing the fabricated FSS in between two horn antennas which are connected to the Anritsu N5230A vector network analyzer (VNA). The comparisons of simulated and measured results are presented in Figure 5 . The simulated and measured results confirm the compactness of the proposed FSS, except a small discrepancy in the measured results. This discrepancy may be due to the fact that measurement is done on finite unit cells, whereas in simulation, the infinite array is considered by using unit cell boundary condition. Also, the fabrication tolerances due to smaller dimensions of the structure as well as environmental conditions in an anechoic chamber can also cause the deviation between the simulated and measured results. Further, the comparison of the proposed FSS with the miniaturized FSS structures available in the literature is illustrated in Table 1 . Here the comparison is performed based on the metallic elements used on either single side of the substrate or dual side of the substrate with their corresponding compactness as well as number of operating bands.
Conclusion
In this paper, the authors have demonstrated a compact frequency selective surface with passband characteristics at the resonance frequency of 3.81 GHz. In addition to the compactness, the proposed FSS shows resonance stability at obliquely incidence angles with independent polarization. The characteristics were measured with a fabricated prototype of 31 × 31 FSS unit elements. The proposed FSS is compact and useful to reduce unwanted radiation in microwave S-/C-band fixed satellite services and WLAN.
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